Reaction control and protein engineering of bacillus lehensis G1 maltogenic amylase for higher malto-oligosaccharide synthesis by Abdul Manas, Nor Hasmaliana
REACTION CONTROL AND PROTEIN ENGINEERING OF Bacillus lehensis G1 
MALTOGENIC AMYLASE FOR HIGHER MALTO-OLIGOSACCHARIDE 
SYNTHESIS 
NOR HASMALIANA BINTI ABDUL MANAS 
A thesis submitted in fulfilment of the 
requirements for the award of the degree of 
Doctor of Philosophy (Bioprocess Engineering) 
 
 
 
 
 
Faculty of Chemical Engineering 
Universiti Teknologi Malaysia 
 
 
 
 
 
FEBRUARY 2016
iii 
 
 
 
 
 
 
 
 
 
 
 
 
 
Untuk Mak dan Abah tercinta 
Jasa dan pengorbananmu tidak ternilai harganya
iv 
ACKNOWLEDGEMENT 
“Say, If the sea were ink for [writing] the words of my Lord, the sea would be 
exhausted before the words of my Lord were exhausted, even if We brought the like 
of it as a supplement.” (Qur’an 18:109) 
 
Alhamdulillah, all praises be to Allah, to Whom I am grateful for guidance in 
this journey to seek His knowledge.  The more I learn, the more I realized how much 
His ‘words’ that I don’t know.  Through this research I can’t be more amazed that 
how perfectly and meticulously He has designed even as tiny as a cell to sustain life. 
 
 I would like to express my gratitude to those who have encouraged and 
guided me to complete this thesis.  I am most indebted to my parents, Abdul Manas 
and Hasmah, my siblings, Mohamad Hasman, Nur Hidayahtulhusra and Muhammad 
Hafizuddin, and my family for their endless love, encouragement and prayer.  To my 
best friends, Fizah and Kak Tim, you guys are such a great friend.  I never feel alone 
walking through this road with your company.  My deep appreciation also goes to 
‘Lab Atas Bukit’ members, Yan, Bai, Kak Atul, Kak Iza, Kak Eda, Kak Shal, Kak 
Intan, Ling, Kak Aishah, Kak Faiz, Joyce, Kak Dilin, Amal, Hazlin, Hidayah, 
Ummu, Joane, Yeng, Kimi, Sammie, and Abbas for your warmth and unwavering 
support.  Thanks for the love, friendship and for standing together through thick and 
thin.   
 
I am thankful to my supervisor, Prof. Dr. Rosli Md Illias whose opinion I am 
addicted and En. Yaakop for the technical support provided.  I would also like to 
convey a deep appreciation to my late co-supervisor, Allahyarham Dr. Amir Rabu 
for his advice and assistance.  May Allah bless his soul.  Special thanks to seniors of 
Genetic Engineering Laboratory, Dr. Aizi, Dr. Kheng Oon and Dr. Anuar for your 
guidance. I also wish to show my appreciation to those who directly or indirectly 
involved in finishing this thesis.  Without them, this thesis would not have been the 
same as presented here. 
 
Finally I would like to express my gratitude to Ministry of Science, 
Technology and Innovation Malaysia for the scholarship and research financial aid.  
The research was supported by Grant No.  02-05-20-SF0007. 
v 
ABSTRACT 
A multi-functional maltogenic amylase (MAG1) from alkaliphilic Bacillus 
lehensis G1 exhibited remarkable hydrolysis and transglycosylation activity to 
produce malto-oligosaccharides of various lengths.  MAG1 demonstrated hydrolysis 
activity over wide range of substrates.  Kinetic analysis revealed that the enzyme 
hydrolyzed small substrate more efficiently than the larger substrate.  This was 
shown by lower Michaelis constant (Km) value and higher turnover number (kcat) and 
second order rate constant (kcat/Km) values for β-cyclodextrin compared to that of 
soluble starch. Malto-oligosaccharide synthesis by transglycosylation activity of 
MAG1 faces problem of product re-hydrolyzation due to the hydrolysis activity of 
the enzyme.  An equilibrium-control reaction approach has been successfully 
employed to improve malto-oligosaccharides production by decreasing hydrolysis 
activity.  A yield of 38% transglycosylation products was obtained with the presence 
of malto-oligosaccharides longer than maltoheptaose.  The addition of organic 
solvents demonstrated an increase in the transglycosylation-to-hydrolysis ratio from 
1.29 to 2.15.  The transglycosylation activity of MAG1 was also successfully 
enhanced by using structure-guided protein engineering approach.  A molecular 
modeling and substrate docking was performed to study the structure-function 
relationship for rational design.  A unique subsite structure which has not been 
reported in other maltogenic amylases was revealed and the information was used to 
design mutants that have active sites with reduced steric interference and higher 
hydrophobicity properties to increase the transglycosylation activity.  Mutations 
decreased the hydrolysis activity of the enzyme and caused various modulations in 
its transglycosylation property.  W359F, Y377F and M375I mutations caused 
reductions in steric interference and alteration of subsite occupation.  In addition, the 
mutations increased internal flexibility to accommodate longer donor/acceptor 
molecule for transglycosylation, resulted in increased transglycosylation to 
hydrolysis ratio of up to 4.0-fold.  The increase of the active site hydrophobicity 
from W359F and M375I mutations reduced concentration of maltotriose used as 
donor/acceptor for transglycosylation to 100 mM and 50 mM, respectively compared 
to 200 mM of the wild-type.  The improvement of the transglycosylation to 
hydrolysis ratio by 4.3-fold was also demonstrated by both mutants.  Interestingly, 
reductions of both steric interference and hydrolysis by Y377F and W359F mutations 
caused a synergistic effect to produce malto-oligosaccharides with higher degree of 
polymerization than the wild-type.  These findings showed that the 
transglycosylation activity of MAG1 was successfully improved by controlling water 
activity and modification of the active site structure.  The high transglycosylation 
activity of MAG1 and mutants offers a great advantage for synthesizing malto-
oligosaccharides and rare carbohydrates. 
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ABSTRAK 
Amilase maltogenik pelbagai fungsi (MAG1) daripada bakteria alkalifilik, 
Bacillus lehensis G1 menunjukkan aktiviti hidrolisis dan pentransglikosilan tinggi 
untuk menghasilkan malto-oligosakarida yang mempunyai panjang rantai yang 
berbeza.  MAG1 menunjukkan hidrolisis terhadap pelbagai jenis substrat.  Analisis 
kinetik menunjukkan ia menjalankan hidrolisis lebih berkesan terhadap substrat kecil 
berbanding substrat besar.  Ini dibuktikan melalui nilai pemalar Michaelis (Km) yang 
lebih rendah dan nombor perolehan (kcat) dan pemalar kadar tertib kedua (kcat/Km) 
yang lebih tinggi oleh β-siklodekstrin berbanding kanji larut.  Sintesis malto-
oligosakarida oleh amilase maltogenik sering berhadapan dengan hidrolisis semula 
produk disebabkan kebolehan enzim tersebut menjalankan aktiviti hidrolisis.  
Kaedah pengawalan keseimbangan tindakbalas telah digunakan untuk mengurangkan 
aktiviti hidrolisis justeru meningkatkan penghasilan malto-oligosakarida.  Sebanyak 
38% produk pentransglikosilan dengan kehadiran malto-oligosakarida lebih panjang 
daripada maltoheptosa berjaya dihasilkan.  Penambahan pelarut organik 
meningkatkan nisbah pentransglikosilan kepada hidrolisis daripada 1.29 kepada 2.15.  
Aktiviti pentransglikosilan MAG1 juga ditingkatkan menggunakan kaedah 
kejuruteraan protein berpandukan struktur.  Pemodelan molekul dan dok substrat 
dijalankan untuk mengkaji hubungkait struktur-fungsi untuk melaksanakan reka 
bentuk rasional.  Struktur unik subtapak yang tidak pernah dilaporkan oleh amilase 
maltogenik lain telah dikenalpasti dan maklumat ini digunakan untuk mereka bentuk 
mutan yang mempunyai ciri tapak aktif yang kurang gangguan sterik dan tinggi 
hidrofobisiti untuk meningkatkan aktiviti pentransglikosilan enzim. Mutasi 
mengurangkan aktiviti hidrolisis enzim dan menyebabkan pelbagai perubahan pada 
ciri-ciri pentransglikosilan.  Mutasi W359F, Y377F dan M375I mengurangkan 
gangguan sterik dan mengubah pendudukan subtapak.  Mutasi turut meningkatkan 
fleksibiliti struktur dalaman untuk menampung molekul penderma/penerima yang 
lebih panjang dan meningkatkan nisbah pentransglikosilan kepada hidrolisis 
sebanyak 4.0 kali ganda.  Peningkatan hidrofobisiti tapak aktif melalui mutasi 
W359F dan M375I menyebabkan pengurangan kepekatan maltotriosa yang 
digunakan sebagai molekul penderma/penerima untuk pentransglikosilan kepada 
masing-masing 100 mM dan 50 mM berbanding 200 mM oleh MAG1.  Kenaikan 
nisbah pentransglikosilan kepada hidrolisis sebanyak 4.3 kali ganda juga ditunjukkan 
oleh kedua-dua mutan.  Menariknya, pengurangan gangguan sterik dan aktiviti 
hidrolisis melalui mutasi Y377F dan W359F memberikan kesan sinergi untuk 
menghasilkan malto-oligosakarida yang lebih panjang daripada MAG1.  Keputusan 
ini menunjukkan aktiviti pentransglikosilan MAG1 berjaya ditingkatkan dengan 
pengawalan aktiviti air dan pengubahsuaian struktur tapak aktif.  Aktiviti 
pentransglikosilan yang tinggi ditunjukkan oleh MAG1 dan mutan menawarkan 
kelebihan yang besar untuk mensintesis malto-oligosakarida dan karbohidrat nadir. 
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CHAPTER 1  
INTRODUCTION 
1.1 Background: The catalyst of life 
A living cell may look tiny and insignificant, but inside, it is a sea of 
tremendous interrelated biochemical activities that sustain life.  The biochemical 
activities inside the cell involved various chemical transformations to maintain 
growth.  The rate of a biochemical reaction is far too slow to support metabolism of a 
cell if it occurs spontaneously.  These metabolic reactions are therefore accelerated a 
million times faster by a biochemical catalyst called enzyme.  The word ‘enzyme’ 
(from the Greek, meaning ‘in yeast’) was proposed by Wilhelm Kühne in 1878 to 
differentiate between the chemical substances having catalytic properties with 
‘ferments’, the microbes (Barnett, 2003).  A new science of biochemistry emerged in 
the late of the eighteenth century, after a chemist, Eduard Büchner discovered that a 
‘juice’ that was extracted from yeast, is capable of converting sugar to alcohol and 
carbon dioxide.  The discovery led to the award of a Nobel Prize and the birth of 
modern biochemistry (Manchester, 2000).  Today, the knowledge has expanded that 
the use of enzymes for catalyzing various in vitro biochemical reactions has become 
so common in everyday applications.   
When the human genome sequence was available, researchers were surprised 
by the fewer number of the protein encoded for such a very complex organism.  
Then, they discovered that many proteins or enzymes were actually multi-functional 
(Jeffery, 2004).  Enzymes are highly specific to their substrates and catalyzing the 
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reactions.  However, some enzymes are also capable of catalyzing more than one 
reaction.  It was first observed in 1890s when Arthur Croft Hill found that the 
hydrolysis of maltose to glucose by yeast maltase was incomplete due to another 
reaction that took place at the same time.  He discovered that in a concentrated 
solution, polymerization of glucose by a reversible process occurred along with 
hydrolysis until the equilibrium state was reached (Manchester 2000).  This proved 
that some enzymes are indeed capable of catalyzing more than one reaction. 
Due to its growing interest, numerous multi-functional enzymes are being 
discovered.  Glycosyl hydrolase enzymes are one of the enzymes that can catalyze 
two reactions, which are hydrolysis that cleaves substrate to smaller products, or 
transglycosylation that joins two molecules to produce a larger or longer product.  
Maltogenic amylase (glucan-1,4-alpha-maltohydrolase EC 3.2.1.133) is an 
amylolytic enzyme from glycosyl hydrolase family 13 (GH 13) that exhibits multi-
functional property.  Unlike typical α-amylases, maltogenic amylase demonstrates 
multi-substrates specificity and prefers cyclodextrins (CDs) as a substrate.  In 
addition to hydrolysis, maltogenic amylase demonstrates synthetic activity known as 
transglycosylation to produce sugar molecules with various lengths (Kim et al., 
1999b).  This enzyme with multiple catalytic activities becomes an interesting 
subject to explore.  It is important to elucidate the mechanism beneath its multi-
functionality of performing both hydrolysis and transglycosylation.  The enzyme can 
act as a biochemical switch which response is regulated by the changes of the 
surrounding condition (Jeffery, 2004).  The switching point can be explained through 
structural basis and the understanding of this biological role will lead to a subsequent 
improvement of the existing biochemical catalyst.   
Maltogenic amylase can be specified as a promiscuous enzyme characterized 
by having a catalytic domain that employs various substrates and executes multiple 
biochemical reactions.  Extensive researches are being carried out on this valuable 
enzyme with substrate and catalytic promiscuity as it has the potential to be exploited 
in synthetic application and development of novel synthesis pathway through protein 
engineering (Hult and Berglund, 2007).  The transglycosylation activity of 
maltogenic amylase offers a great advantage in the industry for the synthesis of 
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oligosaccharides.  Oligosaccharides offer various health benefits and diverse 
applications in improving physicochemical properties of foods.  Conventionally, 
oligosaccharides were synthesized using chemical methods.  However, due to its 
laborious steps, high cost and low yield, enzymatic synthesis has become a preferred 
alternative.  Glycosyl transferase and glycosyl hydrolase enzymes have been 
employed, but the latter is favored because it uses simpler and inexpensive 
substrates.  However, the bottleneck is synthesis reaction competes with hydrolysis 
resulting in a low yield of oligosaccharides produced.   
The increased market demand for oligosaccharides has heightened the need 
of an efficient biocatalyst.  The major improvement in DNA technology and 
bioinformatics over the years has promoted the advances of enzyme or protein 
engineering.  Now, the discovery of novel enzymes and the availability of complete 
crystal structure data have enabled researchers to tailor the existing biocatalyst to fit 
the reaction specifications (Bornscheuer et al., 2012).  The study of a crystal 
structure of maltogenic amylase has elucidated the structure-function relationship to 
explain the multi-substrate and multi-functional properties of the enzyme.  The role 
of extra N-terminal residues in the formation of domain-swapped homodimer was 
responsible for the multi-substrate specificity of the enzyme (Kim et al., 1999a; Lee 
et al., 2002a).  In addition, scientists have discovered an extra space that resides at 
the bottom of the active site cleft for accommodating small acceptor sugar molecules 
that involved in transglycosylation (Kim et al., 1999a).  This understanding has 
provided a crucial base in re-designing the existing maltogenic amylase (MAG1) 
from Bacillus lehensis G1 for improving transglycosylation property to achieve the 
objective of the current study.   
1.2 Problem statement 
Oligosaccharides can be synthesized chemically, but enzymatic synthesis has 
generally been the first choice because it employs milder conditions, involves 
simpler steps and eliminates the need for hydroxyl group protection (Hansson et al., 
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2001).  Glycosyl transferase (EC 2.4) and glycosyl hydrolase (EC 3.2) are the two 
candidate enzyme classes that have been used in oligosaccharides synthesis (Bucke, 
1996).  Glycosyl hydrolase is preferred for oligosaccharides production because this 
enzymes can use simple and inexpensive acceptor sugar molecules (Hansson et al., 
2001).  However, its major shortcoming is the inevitable hydrolysis activity of the 
enzyme that causes the synthesized oligosaccharides to be hydrolyzed again (Hinz et 
al., 2006).  Various strategies have been employed to overcome the problem, 
including the control of thermodynamic equilibrium of the enzyme reaction by the 
elimination of water, which is a competing nucleophile, for transglycosylation.  The 
incorporation of an organic medium into the reaction mixture has been shown to 
increase the synthesis of galacto-oligosaccharide by β-glycosidase (Cruz-Guerrero et 
al., 2006).  However, no study on the influence of organic solvents on malto-
oligosaccharide synthesis by maltogenic amylase has been reported to date.  Protein 
engineering approach has also become a common practice to improve the 
transglycosylation activity and decrease the hydrolysis activity of the enzyme 
especially when the use of high substrate concentration is not favorable for industrial 
application and organic solvent is often avoided when the product is targeted for food 
additive.  Therefore, through protein engineering, the enzyme with desired properties 
can be obtained by re-constructing or re-designing the active site.    
1.3 Objectives of the study 
The objectives of this research are to improve the transglycosylation property 
of MAG1 by using reaction equilibrium control and protein engineering approach for 
production of malto-oligosaccharide and to study amino acids that are important for 
hydrolysis and transglycosylation. 
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1.4 Scopes of the study 
This study focusses on the improvement of transglycosylation activity of 
MAG1 for malto-oligosaccharide production by appropriate strategies.  Hence, the 
following scopes were outlined to achieve the objective: 
i. Cloning, expression, purification and characterization of MAG1 in Escherichia 
coli expression system. 
ii. Kinetic study of MAG1 hydrolysis activity on various substrates and products 
determination. 
iii. Reaction study of transglycosylation activity by MAG1 on various sugar donors 
and acceptors. 
iv. Reaction equilibrium control to reduce hydrolysis activity and increase 
transglycosylation activity by suppressing water activity. 
v. Construction of the 3D structure of MAG1, docking of substrates into MAG1 
active site and subsite structure determination. 
vi. Rational design targeted for suppressing hydrolysis activity and improving 
transglycosylation activity of MAG1 for higher malto-oligosaccharide synthesis. 
vii. Mutant construction using site-directed mutagenesis, cloning, expression, 
purification, characterization and reaction studies (hydrolysis and 
transglycosylation) of the mutants. 
1.5 Rationale and novelty of the study 
Exploring new enzyme source is important because a different source of 
enzymes exhibits their own unique characteristic even though they have some 
similarities in terms of function, substrate they act upon or their structure.  Moreover, 
continuous offering of data regarding this enzyme could be beneficial to the 
scientific community and provide more knowledge in understanding this type of the 
biocatalyst.  The potential of maltogenic amylase for the synthesis of carbohydrate 
has been recognized by researchers.  Many scientific studies dealing with this 
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enzyme for transglycosylation are only focusing on the production of transfer 
products from specific carbohydrate donor and acceptor.  The production of malto-
oligosaccharide by maltogenic amylase has a few been reported.  However, the use 
of reaction equilibrium control approach to reduce the hydrolysis activity of 
maltogenic amylase for increased transglycosylation has yet to be reported in 
literature and little is known about the effects of organic solvents on the production 
of malto-oligosaccharide by maltogenic amylase.  This report is the first to describe 
the optimization of reaction conditions and the incorporation of a water-miscible 
organic solvent to suppress hydrolysis activity during malto-oligosaccharide 
production by maltogenic amylase.  The present study showed that the addition of an 
organic solvent could be used to produce malto-oligosaccharides with degrees of 
polymerization higher than maltoheptaose.  The findings demonstrated that MAG1 is 
a promising candidate for carbohydrate synthesis applications. 
 Analysis of homology modeling and docking of malto-oligosaccharides in 
this study reveals a novel finding regarding the subsite structure of MAG1 which is 
different from the reported subsite structures of other maltogenic amylases.  This 
finding leads to a proposed mode of action for β-cyclodextrin (β-CD) hydrolysis that 
describes how maltose is mainly produced from the hydrolysis. Protein engineering 
combined with site-directed mutagenesis has also been successfully employed in this 
study to shift the enzyme activity toward favoring transglycosylation and 
subsequently to increase the production of malto-oligosaccharide.  Although the 
protein engineering approach has commonly been employed to improve 
transglycosylation activity of maltogenic amylase, the production of longer malto-
oligosaccharides has not yet been reported.  The mutants MAG1 have produced 
malto-oligosaccharides longer than that of the wild-type.  Longer oligosaccharides 
are desirable as prebiotics because they are less fermentable and, therefore, can reach 
the most distal area of the colon (Voragen, 1998).  Moreover, the understanding of 
the structural modifications generated from the mutation of specific amino acids in 
this study will also contribute knowledge for better understanding of the structure-
function of maltogenic amylase and related enzymes.  
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